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The  electrochemical  performance  as  anodes  in  lithium-ion  batteries  of  graphite-like  materials  that  were 
prepared  by  high  temperature  treatment  of  carbon  nanofibers  (CNFs)  is  investigated  by  galvanostatic 
cycling.  These  CNFs  were  produced  in  the  catalytic  decomposition  of  methane  (CDM).  By  this  process,  a 
valuable  free-C02  hydrogen  was  simultaneously  produced.  The  graphitized  CNFs  have  provided  reversible 
capacities  up  to  320mAhg_1  after  50  discharge/charge  cycles.  These  values  are  similar  to  those  of  oil- 
derived  graphite  (petroleum  coke  being  the  main  precursor)  which  are  currently  employed  as  anode 
in  the  commercial  lithium-ion  batteries.  Moreover,  they  have  showed  excellent  cyclability  and  cycling 
efficiency  (>99%),  thus  making  feasible  their  application  to  this  end. 

Besides  the  degree  of  crystallinity,  the  presence  of  loops  between  adjacent  active  end  planes  on  the 
graphene  layers  of  the  graphitized  CNFs  were  also  found  to  influence  on  the  battery  reversible  capac¬ 
ity.  The  textural  properties  of  these  graphitic  materials,  specifically,  the  surface  area  and  the  mesopore 
volume,  are  important  factors  affecting  their  performance  as  anode  in  terms  of  irreversible  capacity  and 
capacity  retention  along  cycling,  respectively. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Graphite  with  relatively  high  specific  capacity,  high  cycling  effi¬ 
ciency  and  low  irreversible  charge  is  nowadays  the  choice  of  a 
majority  of  the  commercially  available  lithium-ion  batteries.  This 
type  of  batteries  is  currently  the  energy  source  for  most  of  the 
portable  electronic  devices  [1].  Moreover,  their  global  demand  is 
expected  to  grow  due  to  the  manufacturing  of  the  electric  vehicles, 
thus  affecting  the  graphite  market  both  in  terms  of  production  and 
price  [2]. 

The  production  of  graphite  involves  the  selection  of  carbon 
materials  that  graphitize  readily.  Currently,  petroleum  coke  is  used 
as  the  main  precursor  material  in  the  manufacturing  of  synthetic 
graphite  [3].  Different  factors,  however,  have  drawn  the  researcher 
interests  towards  the  study  of  other  alternative  precursors.  Among 
them,  carbon  nanofibers  (CNFs)  from  the  catalytic  decomposition 
of  methane  (CDM)  were  found  to  graphitize  when  heated  at  tem¬ 
peratures  above  2400  °C  [4].  By  this  process,  free-C02  hydrogen 
is  simultaneously  produced.  Moreover,  depending  on  the  cata¬ 
lyst  used,  the  CNFs  may  contain  different  metals  (Ni,  Si,  Ti,  etc.) 
which  have  been  traditionally  used  as  graphitization  catalysts  of 
carbon  materials  [5].  Taking  advantage  of  this  catalytic  effect, 
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graphite-like  materials  with  a  very  high  degree  of  crystallinity  were 
recently  prepared  in  our  laboratory  from  CNFs  [6]. 

On  the  basis  of  these  results,  the  electrochemical  performance 
as  potential  anodes  in  lithium-ion  batteries  of  graphitic  materials 
that  were  obtained  by  high  temperature  treatment  of  CNFs  is  herein 
investigated  by  galvanostatic  cycling.  The  CNFs  were  produced  by 
CDM  in  the  presence  of  a  nickel-based  catalyst.  Since  good  electrode 
capacity  retention  is  an  important  requirement  for  the  manufac¬ 
turing  of  these  batteries,  the  reversible  capacity  provided  by  the 
materials  prepared  on  prolonged  cycling  is  also  studied.  The  influ¬ 
ence  of  the  structural  and  textural  properties  of  the  graphitized 
CNFs  on  their  anodic  behaviour  is  discussed. 

Some  studies  on  the  utilization  of  carbon  nanofibers  as  anodes 
in  lithium-ion  batteries  have  been  previously  reported  [7-16].  In 
these  works,  CNFs  were  prepared  from  different  precursors  and 
processes.  However,  to  the  best  of  our  knowledge,  the  work  pre¬ 
sented  in  this  paper  is  the  first  one  showing  the  electrochemical 
results  of  graphitized  CNFs  that  were  initially  obtained  by  CDM  in 
which  the  simultaneous  production  of  a  valuable  fuel  (hydrogen) 
was  also  studied  [4]. 

2.  Experimental 

2.1.  Carbon  nanofibers  preparation 

The  CNFs  were  produced  in  a  fluidized  bed  reactor  by  CDM  at 
a  temperature  of  700  °C,  a  space  velocity  of  1 2  N  dm3  CH4  (h  gcat)_1 
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Table  1 

Textural  parameters  of  the  graphitized  CNFs  and  of  the  SG  graphite  of  reference. 


Material 

SBET(m2  g-1)3 

Vt  (cm3  g-1)13 

Vmeso  (cm3  g-1)0 

Vmicro  (cm3  g-1)"1 

CNF-6/2800 

30 

0.087 

0.078 

0.009 

CNF-10/2800 

32 

0.089 

0.081 

0.008 

CNF-1 5/2800 

23 

0.068 

0.055 

0.013 

CNF-1 5/2900 

19 

0.067 

0.061 

0.006 

SG 

3 

- 

- 

- 

a  BET  surface  area  calculated  from  the  N2  adsorption  data. 
b  Total  N2  pore  volume  (at  p/p°  =  0.976). 
c  Mesopore  volume  obtained  by  DFT. 
d  Micropore  volume  =  Vt-  Vmeso. 


and  a  reaction  time  of  7  h.  The  experimental  set  up  is  described  in 
detail  elsewhere  [17].  A  nickel-copper  based  catalyst  prepared  by 
the  fusion  method  using  Si02  as  textural  promoter  was  employed. 
The  catalyst  preparation  procedure  as  well  as  characterization  is 
reported  in  [  1 8 ].  Three  CNFs  denoted  as  CNF-X (X:  6, 1 0  or  1 5 )  where 
X  corresponds  to  the  wt.%  of  Si  have  been  studied  [6].  They  were 
ground  in  a  planetary  ball  mill  prior  heat  treatment. 

2.2.  High  temperature  treatments  of  the  carbon  nanofibers 

The  graphitization  experiments  of  the  CNFs  were  carried  out 
at  2800  and  2900  °C  in  a  graphite  electrical  furnace  for  1  h  under 
argon  flow.  The  heating  rates  were  25°Cmin_1  from  room  tem¬ 
perature  to  1000°C,  20°Cmin_1  in  the  range  1 000-2000  °C  and 
10°Cmin_1  from  2000  °C  to  the  final  temperature.  The  resulting 
graphitized  materials  are  identified  by  including  a  suffix  with  the 
treatment  temperature  in  the  carbon  nanofibers  designations,  such 
as  CNF-6/2800.  No  metallic  content  was  detected  in  the  graphi¬ 
tized  CNFs  as  determined  by  inductively  coupled  plasma-optical 
emission  spectroscopy. 

2.3.  Characterization  of  the  graphitized  carbon  nanofibers 

The  interlayer  spacing,  d0 02,  and  the  mean  crystallite  sizes  along 
c,  Lc,  and  a,  La ,  axes  are  used  in  this  study  to  asses  the  degree  of 
structural  order  of  the  graphitized  carbon  nanofibers  [19].  They 
were  calculated  from  the  powder  X-ray  diffractograms  which  were 
recorded  as  reported  previously  [20].  do 02  was  determined  from 
the  position  of  the  (0  0  2)  peak  by  applying  the  Bragg’s  equation, 
while  Lc  and  La  were  calculated  from  the  (0  0  2)  and  (1 1  0)  width 
peaks,  respectively,  using  the  Scherrer  formula,  with  values  of 
I<=  0.9  for  Lc  and  1.84  for  La  [21].  The  broadening  of  diffraction 
peaks  due  to  instrumental  factors  was  corrected  with  the  used  of 
a  silicon  standard.  Typical  standard  errors  of  the  XRD  parameters 
are  <2%  and  <5%  of  the  reported  values  for  Lc  and  La,  respectively; 
the  d0  02  values  are  much  more  precise,  with  standard  errors  of 
<0.01%.  Raman  spectroscopy  has  been  also  used  to  estimate  the 
degree  of  orientation  of  the  microcrystallites.  Raman  spectra  were 
obtained  in  a  Raman  microspectrometer  as  described  previously 
[22].  The  intensity  I  of  the  Raman  bands  was  measured  using  a 
mixed  Gaussian-Lorentzian  curve-fitting  procedure.  The  relative 
intensity  of  the  Raman  D-band  Jo//t  (ft  =  b  +  b  +  b' ) was  calculated 
with  standard  errors  lower  than  5%. 

The  textural  properties  of  the  graphitized  CNFs  were  mea¬ 
sured  by  N2  adsorption-desorption  at  -196  °C  in  Micromeritics 
ASAP  2420  or  2020  volumetric  adsorption  systems.  Before  mea¬ 
surements,  the  samples  were  degassed  overnight  at  250  °C.  The 
specific  surface  areas  (SBet)  were  calculated  by  applying  the 
Brunauer-Emmett-Teller  (BET)  method,  taking  16.2nm2  for  the 
cross-sectional  area  of  the  nitrogen-adsorbed  molecule.  Total  pore 
volumes  (Vt)  were  determined  by  the  amount  of  N2  adsorbed  at 
pip0  =  0.97.  Mesopore  volumes  (2-50  nm)  were  calculated  from  the 
cumulative  pore  size  distributions  obtained  by  applying  the  DFT 


(density  functional  theory)  method  to  the  N2  adsorption  isotherms 
(p/p°  =  0.97).  Cumulative  pore  size  distributions  are  given  as  sup¬ 
plementary  material  in  Fig.  SI. 

Transmission  electron  microscopy  (TEM)  was  carried  out  on 
a  Jeol  2011  microscope  equipped  with  a  LaB6  gun  and  operating 
at  200  kV.  The  samples  were  firstly  finely  grounded,  dispersed  in 
ethanol  and  a  drop  of  solution  was  then  deposited  on  a  classical 
TEM  copper  grid,  previously  covered  by  a  holey  amorphous  carbon 
film.  Examination  of  the  sample  was  focused  on  parts  of  the  samples 
lying  across  the  holes  to  obtain  information  free  of  the  contribution 
of  the  supporting  carbon  film. 

2.4.  Cell  preparation  and  electrochemical  measurements 

For  the  electrochemical  measurements,  two-electrodes 
Swagelok-type  cells  were  used.  Metallic  lithium  discs  of  12  mm 
diameter  were  the  counter-electrodes.  The  working  electrodes 
were  prepared  by  mixing  the  active  material  (92  wt.%)  and  PVDF 
binder  (8  wt.%)  in  l-methyl-2-pyrrolidone  solution.  All  of  the 
materials  prepared  were  ground  prior  the  electrode  preparation. 
The  suspension  was  deposited  on  a  copper  foil  of  12  mm  diameter 
by  airbrushing  to  obtain  a  thin  and  uniform  surface  coating,  and 
then  was  vacuum  dried  at  120°C  for  20-24  h.  Finally,  it  was 
hydraulically  pressed  at  a  pressure  of  0.9tncm-2.  Afterwards, 
the  electrode  load  (active  material  +  binder)  and  active  material 
content  were  calculated  by  weight  difference.  The  electrode  load 
densities  were  in  the  range  2.88-4.80  mg  cm-2.  Glass  micro-fiber 
disks  impregnated  with  1  M  LiPFg  (EC:DEC,  1:1,  w/w)  electrolyte 
solution  were  the  electrode  separators.  All  cells  were  assembled 
in  a  dry  box  under  argon  atmosphere  and  water  content  below 
1  ppm.  The  galvanostatic  cycling  was  carried  out  in  the  2.1  -0.003  V 
potential  range  at  a  constant  current  of  C/10  (corresponding  to  a 
capacity  of  372  mAh g-1  in  lOh)  during  50  cycles  versus  Li/Li+, 
using  a  potentiostat/galvanostat. 

3.  Results  and  discussion 

3.1.  Structural  and  textural  properties  of  the  graphitized  carbon 
nanofibers 

To  help  in  discussing  the  electrochemical  results,  the  textural 
(Table  1)  and  structural  properties  (Table  2)  of  the  graphitized 
carbon  nanofibers  are  firstly  considered.  The  BET  surface  areas  of 


Table  2 

Interplanar  distance  do  02,  and  crystallites  sizes  lc  and  la  of  the  graphitized  CNFs  and 
of  the  SG  graphite  of  reference. 


Material 

d002  (nm) 

Lc  (nm) 

La  (nm) 

hlh  (%) 

CNF-6/2800 

0.3377 

18.0 

43.8 

32.2 

CNF-10/2800 

0.3373 

21.4 

47.1 

25.2 

CNF-1 5/2800 

0.3364 

35.9 

50.6 

25.5 

CNF-1 5/2900 

0.3364 

39.6 

52.2 

30.0 

SG 

0.3361 

50.4 

61.1 

10.0 
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Fig.  1.  TEM  images  of  graphitized  carbon  nanofibers:  (a,  b)  CNF-6/2800  and  (c,  d)  CNF-1 5/2900. 


these  materials  range  from  19  to  32  m2  g-1  mainly  due  to  the  pres¬ 
ence  of  mesopores.  The  materials  porosity  follows  the  sequence 
CNF-6/2800  «  CNF-1 0/2800  >  CNF-1 5/2900  «  CNF-1 5/2800.  A  com¬ 
parative  analysis  of  the  cumulative  pore  volume  distributions  (Fig. 
SI)  of  these  nanofibers  does  not  show  additional  differences  as 
regards  the  different  mesopore  size  ranges.  As  seen  in  Fig.  1,  the 
graphitized  CNFs  are  of  various  sizes,  their  morphology  being 
mainly  of  fishbone  type. 

The  graphitized  carbon  nanofibers  exhibit  a  high  degree  of 
structural  order  with  d002  in  the  range  0.3364-0.3377 nm,  and 
crystallites  sizes,  Lc  and  La,  up  to  ~40  nm  and  ~52  nm,  respectively. 
As  expected,  more  crystalline  materials  were  achieved  by  increas¬ 
ing  the  treatment  temperature  of  a  given  CNF  (Table  2).  However, 
the  Raman  ID/It  ratio  appears  larger  than  that  calculated  for  other 
non  fibers-based  graphitic  materials  with  similar  XRD  parameters 
[20,22,23].  Furthermore,  no  variation  or  even  an  increase  of  this 
ratio  was  observed  by  improving  the  degree  of  structural  order  of 
the  graphitized  carbon  nanofibers  (Table  2).  The  development  of 
a  more  graphite-like  structure  is  associated  with  the  increase  of 
the  G-band  (after  graphite)  and  the  decrease  of  the  D-band  (after 
defects)  intensities  of  the  Raman  spectrum  [19,24].  Therefore,  an 
Id  I  It  ratio  fall  was  also  expected  to  occur.  The  formation  of  loops 
between  adjacent  active  end  planes  on  the  graphene  layers  of  the 
graphitized  CNFs  (see  HRTEM  images  in  Fig.  1 )  can  account  for  these 
results.  In  fact,  the  presence  of  loops  has  been  found  to  affect  the 
Raman  spectra  of  the  materials,  particularly  the  intensity  of  the 
D'-band  [25]  which  in  carbons  has  been  ascribed  to  end  planes 
[26].  Accordingly,  the  increase  of  the  CNFs  treatment  temperature 
seems  to  enhance  the  loops  formation,  thus  explaining  the  higher 
ID I  It  ratio  of  CNF-15/2900  as  compared  to  that  of  CNF-15/2800 
(Table  2). 

By  comparing  the  XRD  (Table  2)  and  textural  (Table  1)  param¬ 
eters  of  the  graphitized  CNFs,  it  is  evident  that  the  decrease  of  the 
BET  surface  area/pore  volume  can  be  associated  with  the  increase 
of  the  structural  order  as  a  consequence  of  the  growth  of  the 
crystallite  size  and  the  removal  of  the  graphene  layers  defects. 
Moreover,  this  decrease  mainly  occurs  at  the  expenses  of  the 
mesopores  which  are  located  in  the  nanofibers  interior  along  the 
axis. 


Fig.  2.  Galvanostatic  first  discharge-charge  cycle  and  second  discharge  profiles  of 
CNF-6/2800  and  CNF-15/2900  graphitized  carbon  nanofibers.  (For  interpretation  of 
the  references  to  color  in  this  artwork,  the  reader  is  referred  to  the  web  version  of 
this  article.) 


3.2.  Anodic  performance  of  the  graphitized  carbon  nanofibers: 
galvanostatic  cycling 

The  mechanism  of  lithium  intercalation  into  the  graphitized 
carbon  nanofibers  is  typical  of  graphitic  materials;  the  potential 
changes  showing  different  plateau  regions  [27].  As  an  example, 
the  first  discharge-charge  cycle  and  second  discharge  voltage  pro¬ 
files  of  the  cells  using  CNF-6/2800  and  CNF-15/2900  materials  as 
working  electrodes  are  shown  in  Fig.  2.  During  the  first  discharge 
process,  the  cell  voltage  drops  quickly  to  ~0.8V  (versus  Li/Li+) 
to  form  a  plateau.  This  plateau  is  associated  with  the  solid  elec¬ 
trolyte  interface  (SEI)  film  formation  on  the  graphite  surface  as 
a  result  of  the  electrolyte  decomposition.  With  further  discharg¬ 
ing,  the  potential  decreasing  continues  to  the  point  at  what  the 
lithium  intercalation  into  the  graphene  layers  starts  as  shown  by 
the  appearance  of  plateaus  in  the  range  below  0.2  V.  Besides  the 
mentioned  plateaus,  an  additional  sloped  plateau  at  higher  volt¬ 
ages  (~1.8  V)  than  the  SEI  formation  can  be  seen  in  the  potential 
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Fig.  3.  Differential  capacity  during  the  first  discharge  cycle  of  CNF-6/2800  and 
CNF-1 5/2900  graphitized  carbon  nanofibers,  and  of  SG  graphite  of  reference.  (For 
interpretation  of  the  references  to  color  in  this  artwork,  the  reader  is  referred  to  the 
web  version  of  this  article.) 


versus  Li/Li+  profile  of  CNF-6/2800  (Fig.  2).  It  was  also  observed  in 
CNF-1 0/2800  with  comparable  structural  and  textural  properties. 
This  pseudoplateau  has  been  previously  ascribed  to  charge  trans¬ 
fer  on  the  surface  of  the  carbon  nanofibers  [12-14]  or  related  to 
the  Li+  extraction  from  defects  sites  with  higher  energy  in  the  case 
of  other  nano  carbon  materials  [28].  As  expected,  the  lithium  stor¬ 
age  over  the  SEI  potential  was  found  to  decrease  significantly  in 
highly  graphitized  carbon  nanofibers  [29].  Therefore,  during  the 
first  discharging  cycle  of  CNF-1 5/2900,  the  potential  falls  vertically 
to  ~0.8V  (Fig.  2).  The  lithium  ions  intercalation  into  the  materi¬ 
als  can  be  appreciated  better  in  the  differential  capacity  (absolute 
value,  derived  from  the  first  cycle  discharge  data)  versus  poten¬ 
tial  plot  in  Fig.  3.  Data  corresponding  to  SG  synthetic  graphite  was 
also  included  in  this  figure.  This  graphite  -  currently  commercial¬ 
ized  to  be  employed  in  the  manufacturing  of  lithium-ion  battery 
anodes  -  was  used  as  a  reference  material  and  its  characteriza¬ 
tion  was  carried  following  the  same  procedures  described  in  the 
experimental  section  for  the  graphitized  CNFs.  As  seen,  three  main 
peaks  corresponding  to  the  different  lithium  intercalation  stages 
appear  in  the  profiles  of  CNF-6/2800  and  CNF-1 5/2900.  Neverthe¬ 
less,  the  lithium  intercalations  into  the  more  structurally  ordered 
CNF-1 5/2900  occur  at  higher  potentials.  This  trend  was  previously 
observed  in  materials  with  different  degree  of  graphitization  pre¬ 
pared,  as  here,  from  the  same  precursor  [30].  Moreover,  other  peak 
of  very  low  intensity  at  ~0.13  V  can  be  noticed  in  the  profiles  of 
CNF-1 5/2900  and  SG.  This  peak  has  been  assigned  to  the  coexis¬ 
tence  of  3  and  2L  lithium  intercalation  stages  in  graphitic  materials 
with  very  high  degree  of  crystallinity  in  which  disordered  phases 
are  not  present  [31].  Even  though,  a  comparison  of  the  profiles  of 
CNF-1 5/2900  and  SG  in  Fig.  3  reveals  some  differences  in  lithium 
intercalation.  Specifically,  the  intensity  of  the  peak  at  the  lowest 
potential  of  ~0.06  V  is  significantly  higher  in  the  graphitized  carbon 
nanofiber.  Provided  similar  development  of  the  graphitic  structure 
(Table  2),  this  difference  should  be  essentially  due  to  the  nanomet¬ 
ric  size  of  CNF-1 5/2900  since  it  has  been  reported  to  favour  the 
diffusion  of  lithium  ions  into  the  materials,  thus  improving  their 
electrochemical  performance  [32,33]. 

As  compared  to  other  graphitic  materials  [20],  the  irre¬ 
versible  charge  losses  (irreversible  capacity,  Cirr)  during  the  first 
discharge-charge  cycle  of  the  graphitized  CNFs  is  unusually  large. 
It  is  due  to  their  higher  surface  area  what  has  been  related  with  this 
electrochemical  parameter  [34].  Specifically,  irreversible  capaci¬ 
ties  of  ~289,  ~243,  ~299  and  ~188mAhg-1  were  calculated  for 
CNF-6/2800,  CNF-1 0/2800,  CNF-1 5/2800  and  CNF-1 5/2900,  against 


Fig.  4.  Extended  galvanostatic  cycling  of  the  graphitized  CNFs  and  of  the  SG  graphite 
of  reference.  (For  interpretation  of  the  references  to  color  in  this  artwork,  the  reader 
is  referred  to  the  web  version  of  this  article.) 

a  value  of  ~94  mA  h  g-1  for  the  petroleum-based  powder  synthetic 
graphite  (SG)  with  a  much  lower  surface  area  (3  m2  g-1 ,  Table  1 ). 

After  the  SEI  formation  during  this  initial  cycle,  significant  dif¬ 
ferences  in  the  cycling  behaviour  of  the  carbon  nanofibers  studied 
are  observed  (Fig.  4).  Thus,  CNF-1 5/2800  and  CNF-1 5/2900  pro¬ 
vide  reversible  capacities  in  the  interval  320-3 lOmAhg-1.  They 
also  show  a  remarkable  stable  capacity  along  cycling  with  capac¬ 
ity  keeping  values  of  83%  and  87%,  respectively,  after  50  cycles 
and  cycling  efficiencies  (discharge  capacity/charge  capacity)  >99%. 
Moreover,  the  performance  as  anode  on  prolonged  cycling  of  these 
graphitized  CNFs  compares  well  with  that  of  the  SG  graphite  of  ref¬ 
erence  studied  (Fig.  4).  The  battery  reversible  capacity  decreases 
remarkably  by  using  the  other  two  carbon  nanofibers  (CNF-6/2800, 
CNF-1 0/2800)  tested  as  anodes.  It  is  well  known  that  the  electro¬ 
chemical  intercalation  of  lithium  in  well-ordered  (graphite-like) 
carbon  materials  depends  on  their  crystal  structure  [6,20,27,35,36]. 
Specifically,  the  crystal  thickness,  Lc,  was  reported  to  be  the  most 
important  factor  affecting  the  extent  of  the  reversible  capacity  in 
graphitic  materials  providing  similar  morphology  and  particle  size. 
Therefore,  the  smaller  capacity  provided  by  CNF-6/2800  and  CNF- 
10/2800  (Fig.  4)  can  be  initially  attributed  to  the  much  larger  Lc 
values  of  CNF-1 5/2800  and  CNF-1 5/2900  (Table  2).  Accordingly, 
parallel  evolutions  of  the  carbon  nanofibers  reversible  capacity 
during  cycling  should  be  at  first  expected.  However,  this  trend 
was  not  observed  at  all.  On  the  contrary,  CNF-6/2800  and  CNF- 
10/2800  exhibit  very  low  retention  capacity,  particularly  from 
the  20th  cycle,  (a  minimum  of  57%  was  calculated  for  CNF- 
6/2800  after  50  cycles).  For  comparison,  at  the  10th  and  50th 
cycles,  CNF-1 0/2800  supplies  306  and  235mAhg-1  against  337 
and  310mAhg_1  reached  with  CNF-1 5/2900.  Despite  their  poorer 
cycling  performance,  CNF-6/2800  and  CNF-1 0/2800  nanofibers  also 
show  a  cycling  efficiency  >  99%.  Therefore,  the  continuous  bat¬ 
tery  capacity  loss  when  cycling  these  nanofibers  cannot  be  due 
to  lithium  ions  irreversible  trapped  inside  the  pores/cavities  since 
their  intercalation  is  basically  reversible.  In  consequence,  it  is  likely 
that  the  graphitic  structure  of  CNF-6/2800  and  CNF-1 0/2800  is  pro¬ 
gressively  damaged,  particularly  from  20th  cycle.  As  previously 
discussed,  these  materials  have  larger  mesopore  volume  in  the 
whole  range  of  sizes  (Table  1  and  Fig.  SI ),  thus  increasing  the  prob¬ 
ability  of  inserting  solvated  lithium  what  leads  to  the  exfoliation  of 
the  graphene  sheets. 

Finally,  the  reversible  capacity  provided  by  CNF-1 5/2800  is 
larger  than  that  of  CNF-1 5/2900  with  a  higher  degree  of  structural 
order  (Table  2  and  Fig.  4).  The  porosity  of  these  two  graphitized 
CNFs  is  comparable  (Table  1).  Therefore,  the  unexpected  lower 
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value  of  CNF-1 5/2900  could  be  associated  with  the  formation  of 
loops  between  adjacent  graphene  layers  what  appears  to  be  more 
significant  in  this  material  (see  Section  3.1 ).  The  intercalation  of  the 
lithium  ions  into  all  of  the  graphene  layers  available  in  the  graphi- 
tized  carbon  nanofibers  can  be  hampered  by  the  presence  of  loops 
[29]. 

4.  Conclusions 

The  graphite-like  materials  prepared  by  high  temperature  treat¬ 
ment  of  carbon  nanofibers  that  were  obtained  in  the  catalytic 
decomposition  of  methane  have  provided  reversible  capacities  up 
to  ~320mAhg-1  after  50  discharge-charge  cycles.  These  values 
are  similar  to  those  of  oil-derived  graphite  (petroleum  coke  being 
the  main  precursor)  which  are  currently  employed  as  anode  in 
the  commercial  lithium-ion  batteries.  Moreover,  they  have  showed 
excellent  cyclability  and  cycling  efficiency,  thus  making  feasible 
their  application  to  this  end.  Provided  comparable  development  of 
the  graphitic  structure,  the  nanometric  size  of  the  graphitized  car¬ 
bon  nanofibers  appear  to  favour  the  diffusion  of  the  lithium  ions 
into  the  materials,  thus  improving  their  electrochemical  perfor¬ 
mance. 

Besides  the  degree  of  crystallinity,  the  presence  of  loops 
between  adjacent  active  end  planes  on  the  graphene  layers  of  the 
graphitized  carbon  nanofibers  were  also  found  to  influence  on  the 
battery  reversible  capacity.  Moreover,  the  textural  properties  of 
these  materials,  specifically,  the  surface  area  and  the  mesopore  vol¬ 
ume,  are  important  factors  affecting  their  performance  as  anode  in 
terms  of  irreversible  capacity  and  capacity  retention  along  cycling, 
respectively. 
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